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ABSTRACT
We consider the implications that a debris belt located between Proxima b and Proxima c would
pose for the rate of large asteroid impacts that could sterilize Proxima b from life. Future observations
by ALMA or JWST could constrain the existence of an asteroid belt in the life-threatening regime. We
generalize our rate calculation of sterilizing impacts for habitable planets in systems with an asteroid
belt and an outer planet.
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1. INTRODUCTION
Proxima b is an Earth-mass planet in the habitable
zone of the nearest star, Proxima Centauri (Anglada-
Escude´ et al. 2016). Proxima b is thought to possibly
hold potential for life (Ribas et al. 2016; Turbet et al.
2016). Proxima c, an outer planet orbiting at a disance
of ∼ 1.5 AU with a mass of ∼ 10 M, was recently
discovered (Damasso et al. 2020; Kervella et al. 2020).
A warm dust belt with a total mass of ∼ 10−3 M⊕
at a distance of ∼ 0.4 AU from Proxima Centauri was
reported (Anglada et al. 2017), but later disputed as a
possible stellar flare (MacGregor et al. 2018).
In the Solar system, Saturn sets the ν6 secular reso-
nance (Ito & Malhotra 2006; Minton & Malhotra 2011),
which controls the inner edge of the asteroid belt and
therefore the rate of impacts from near-Earth asteroids
(Morbidelli et al. 1994; Bottke et al. 2000). The rela-
tion between Saturn’s location relative to the asteroid
belt and mass and the impact rate have been explored
through numerical simulation (Smallwood et al. 2018).
If an asteroid belt exists between Proxima b and Prox-
ima c, Proxima c could control the rate of asteroid im-
pacts on Proxima b. Here, we consider the risks that an
asteroid belt located between Proxima b and Proxima c
would pose for life on Proxima b.
Our discussion is structured as follows. In Section
2, we consider the rate of sterilizing impacts on Earth
from the asteroid belt owing to Saturn. In Section ,
we apply a similar calculation to Proxima b, given the
existence of Proxima c. In Section 4, we investigate the
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generalized sterilizing impact rate for habitable worlds
in multiplanetary systems. In Section 5, we evaluate
the detectability of an asteroid belt between Proxima b
and c with JWST and ALMA. Finally, in Section 6 we
explore key predictions and implications of our model.
2. EARTH IMPACT RATE
For an asteroid impact on Earth, the final crater di-
ameter Dcr is related to the impactor diameter Dimp as
follows,
(
Dcr
km
)
∼ 25
(
Dimp
km
)0.78 ( vimp
20 km s−1
)0.44
(
ρimp
ρ⊕
)1/3
(sin θ)
1/3
,
(1)
where vimp is the impact speed, ρimp is the impactor
density, ρ⊕ ∼ 5.5 g cm−3 is the density of the Earth,
and θ is the angle of the impact with respect to the
surface of the Earth.
The observed cratering rate on Earth is,
Γ⊕ ≈ 6.64× 104 Gyr−1
(
Dcr
km
)−2.557
. (2)
Substituting Dimp ∼ (6Mimp/piρimp)1/3 into Eq. (1)
and subsequently into Eq. (2) yields,
Γ⊕ ≈ 3× 10−3 Gyr−1
(
Mimp
1.7× 1021 g
)−2/3(
ρimp
2 g cm−3
)0.38
( vimp
20 km s−1
)−0.38
(sin θ)
−0.28
.
(3)
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Figure 1. Asteroid impact rate on Earth in Gyr−1 as a
function of impactor mass in g, with the dashed and dotted
lines indicating impacts with enough energy to boil off all of
the oceans on Earth, in which 100% and 10% of the kinetic
energy, respectively, is converted into thermal energy.
An impactor with mass Mimp ∼ 1.7 × 1021 g is capa-
ble of boiling off all of the oceans on Earth if 100%
of the kinetic energy is converted into thermal energy,
which we consider to be the lower bound for sterilization
(Sloan et al. 2017). The upper bound is set by the mass
for which conversion of 10% of the kinetic energy into
thermal energy would result in boiling of the oceans,
Mimp ∼ 1.7 × 1022 g, since some of the energy may be
radiated away. Figure 1 shows the Earth impact rate as
a function of impactor mass. The chance that life Earth
was sterilized during its lifetime (∼ 4.5 Gyr) is ∼ 1%.
3. PROXIMA b STERILIZATION RATE
We interpolate the results in Table 2 of Smallwood
et al. (2018) to find the dependence of the terres-
trial asteroid impact rate on the location of Saturn, in
terms of a dimensionless coefficient κ, for distances of
∼ 3Ra, − 4.5Ra,, where Ra, ≈ 2.7 AU is the loca-
tion of the asteroid belt in the Solar system. We adopt
the appropriate scaling for the dimensionless coefficient
δ, for the effect of a ∼ 0.1 Saturn-mass planet on the ter-
restrial impact rate, since that is the mass of Proxima
c. The factors κ and δ are normalized to the location
and mass of Saturn.
The impact rate is also linearly dependent on the mass
of the asteroid belt Ma, assuming the size distribution is
similar to that of the solar system, and inversely depen-
dent on the asteroid belt’s orbital period Ta. Further-
more, the impact rate is proportional to the cross-section
of Proxima b’s orbit relative to that of the asteroid belt
(Rb/Ra)
2, and inversely proportional to the square of
the orbital distance of Proxima b, Rb, to account for
the effect of orbital distance on the one-dimensional
cross-section of an Earth-like planet at a fixed plane-
tary radius. The factors enumerated above result in the
Figure 2. Logarithm of impact rate at Proxima b in units of
(10 Gyr)−1 as a function of asteroid belt mass in in M⊕ and
radius in AU. Proxima c is considered to be a ∼ 0.1 Saturn-
mass outer planet, and the asteroid belt mass is scaled based
on that of the solar system, ∼ 4× 10−4 M⊕ (Pitjeva & Pit-
jev 2018). The dashed and dotted lines indicate impacts
with enough energy to boil off all of the oceans on an Earth-
like planet, in which 100% and 10% of the kinetic energy,
respectively, is converted into thermal energy.
following dependencies for the asteroid impact rate at
Proxima b, Γb ∝ κδMaT−1a (Rb/Ra)2R−2b . There is no
dependence on Rb since the relative orbital cross-section
scales as R2b while the relative impact cross-section scales
as R−2b . When normalized to solar system values, the
rate is expressed as,
Γb ∼ Γ⊕κδ
(
Ma,P
Ma,
)(
MP
M
)1/2(
Ra,P
Ra,
)−7/2(
rb
r⊕
)2
,
(4)
where rb and r⊕ are the radii of Proxima b and of the
Earth, respectively. The sterilizing impact rate at Prox-
ima b as a function of asteroid belt mass and asteroid
belt location is shown in Figure 2. An asteroid belt
with a mass of & 10−4 M could imply as significant
likelihood that Proxima b was sterilized in the past. As
discussed in Section 5, the upcoming James Webb Space
Telescope1 (JWST) will able to determine the existence
of an asteroid belt at the distances of interest, which
correspond here to an angular distance of ∼ 0.3”.
4. GENERALIZED STERILIZATION RATE FOR
MULTIPLANETARY SYSTEMS
We estimate the luminosity of stars with masses rang-
ing from 0.2 − 0.85 M using the mass-luminosity
(M? − L?) relation described in Cuntz & Wang (2018),
and extrapolate to . 0.2 M and & 0.85 M with ap-
propriate power-law indices (Duric 2003).
1 https://www.jwst.nasa.gov/
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The habitable zones around stars scale as, L
1/2
? . The
asteroid belt spans the Solar system’s frost line, which
separates the terrestrial and giant planets (Raymond
et al. 2006). To estimate the frost line distances in
other planetary system, we fiducially adopt a radia-
tively heated disk at the time of asteroid belt forma-
tion with a simple L
1/2
? scaling, which is very similar
to the M
−1/3
? L
2/3
? scaling in Liu et al. (2019), since the
actual scalings for neither frost lines nor asteroid belts
around low-mass stars are known (Ida & Lin 2005; Liu
et al. 2019; Ogihara & Ida 2009; Martin & Livio 2013).
Furthermore, we assume that the asteroid belt mass
scales with stellar mass, which is a conservative assump-
tion given that lower-mass stars appear to have higher
planet-formation efficiencies (Dai et al. 2020). Adapting
Equation (4) to these assumptions, we find the general-
ized impact rate to be as follows,
Γ ≈ Γ⊕κδ
(
M?
M
)3/2(
L?
L
)−7/4
, (5)
which can be coupled with the aforementioned mass-
luminosity relation to determine the impact rate on
Earth-size planets in habitable zones of their respective
stars, as a function of stellar mass. Figure 3 shows the
sterilizing impact rate as a function of stellar mass and
outer planet location, for different outer planet masses.
5. DISCOVERING OUTER PLANETS AND
ASTEROID BELTS AROUND OTHER STARS
For stars with known Earth-like planets in their hab-
itable zones, the existence of an outer planet and an as-
teroid belt is necessary for finding the sterilizing asteroid
impact with the method described here. Outer planets
can be discovered by means of radial velocity measure-
ments. For a star of mass M? and a planet of mass Mp
at a distance of Rp, an edge-on measurement will yield
a stellar velocity amplitude of ±Mp
√
G/M?Rp. The or-
bital period of a circular orbit is
√
4pi2r3/GM?. The re-
sults are shown in Figure 4, indicating that the existing
HARPS/VLT instrument is already capable of discov-
ering planets of the necessary mass and orbital radius
around stars of interest. Indeed, this is how Proxima b
and c were discovered.
For detecting evidence of asteroid belts at the dis-
tances considered here, we calculate the distance out
to which JWST will be able to characterize such belts,
given its angular resolution of ∼ 0.1”. Figure 5 shows
the maximum distance as a function of stellar mass, with
several stars with known Earth-like planets in their hab-
itable zones plotted for reference. While several stars of
interest lie slightly outside the calculated detection limit,
we note that the line corresponds to a strict L
1/2
? scal-
Figure 3. Logarithm of impact rate in units of (10 Gyr)−1
as a function of stellar mass in M and outer planet loca-
tion in units of asteroid belt radius, for different outer planet
masses. The dashed and dotted lines indicate impacts with
enough energy to boil off all of the oceans on an Earth-like
planet, in which 100% and 10% of the kinetic energy, respec-
tively, is converted into thermal energy.
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Figure 4. Radial velocity of stars (red) for an edge-on ob-
serving geometry in cm/s and orbital period (blue) in years,
for Saturn analogs around other stars, adopting the L
1/2
?
scaling and assuming the distance of Saturn from the Sun.
The HARPS/VLT detection limit is shown for reference.
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Figure 5. Maximum distance out to which JWST can re-
solve asteroid belts around other stars, adopting the L
1/2
?
scaling normalized to the location of the main asteroid belt
in the Solar system (∼ 2.7 AU). Assuming that the asteroid
belt mass scales with stellar mass and that the size distri-
bution is similar to that of the Solar system, above 0.8 AU
the maximum distance is flux-limited, as scaled to Spitzer
Space Telescope’s detection of Epsilon Eridani’s debris disk
(Backman et al. 2009), since JWST will observe at the same
wavelength. The masses and distances of nearby stars with
known potentially habitable exoplanets are displayed for ref-
erence.
ing and therefore could underestimate the orbital radii
of asteroid belts. Given ALMA’s sensitivity to millime-
ter wavelength emission from a conjectured debris belt
of mass ∼ 10−3 M⊕ around Proxima b (Anglada et al.
2017), it is evident that ALMA provides a supplemen-
tary probe of debris belts around low-mass stars.
6. DISCUSSION
We find that the possible existence of an asteroid belt
between Proxima b and Proxima c could result in an
existential risk for life on Proxima b due to the expected
rate of sterilizing impacts.
We generalized the calculation of the sterilizing impact
rate to any planetary system with an outer planet and an
asteroid belt, allowing for the determination of asteroid
impact sterilization risk for habitable exoplanets in con-
strained planetary architectures. If a debris belt exists
around Luyten’s star (see Region C described in Pozue-
los et al. 2020), secular resonances with mini-Neptunes
GJ 273d or GJ 273e could drive impacts on the poten-
tially habitable planet GJ 273b. The existence of a giant
planet (Boss et al. 2017) and a debris belt (Marino et al.
2020) exterior to the TRAPPIST-1 planets would affect
the sterilization risk in that system.
Future measurements of debris belts with JWST or
ALMA and outer planets in systems known to have hab-
itable planets will allow for the magnitude of impact
sterilization risk for life to be computed.
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